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ABSTRACT
We determine the maximum lifetime tmax of 52 Fanaroff-Riley type II (FR II) radio sources found in 26 central
group galaxies from cross-correlation of the Berlind SDSS group catalog with the VLAFIRSTsurvey.Mock catalogs
of FR II sources were produced to match the selection criteria of FIRST and the redshift distribution of our parent
sample, while an analytical model was used to calculate source sizes and luminosities. Themaximum lifetime of FR II
sources was then determined via a comparison of the observed and model-projected length distributions. We estimate
that the average FR II lifetime is 1:5 ; 107 yr and the duty cycle is 8 ; 108 yr. Degeneracies between tmax and the
model parameters—jet power distribution, axial ratio, energy injection index, and ambient density—introduce atmost a
factor of 2 uncertainty in our lifetime estimate. In addition, we calculate the radioAGN fraction in central group galaxies
as a function of several group and host galaxy properties. The lifetime of radio sources recorded here is consistent with
the quasar lifetime, even though these FR IIs have substantially sub-Eddington accretion. These results suggest a
fiducial time frame for energy injection from AGNs in feedback models. If the morphology of a given extended radio
source is set by large-scale environment, while the lifetime is determined by the details of the accretion physics, this
FR II lifetime is relevant for all extended radio sources.
Subject headinggs: cooling flows — galaxies: active — galaxies: clusters: general — galaxies: evolution —
galaxies: jets — radio lines: galaxies
1. INTRODUCTION
The interaction between active galactic nuclei (AGNs) and
their environment has been increasingly studied as a plausible
explanation of several long-standing problems in our under-
standing of galaxy formation and evolution. Hierarchal structure
formation, first formalized by White & Rees (1978), predicts a
halo mass function that does not match the shape of the observed
galaxy luminosity function (LF). Simulations predict an over-
abundance of massive and dwarf galaxies when compared to the
observable universe (White & Frenk 1991; Benson et al. 2003).
Another conflict between observation and theory is that galaxies
are either primarily red, early types with little star formation, or
actively star-forming blue, late types (e.g., Blanton et al. 2003;
Kauffmann et al. 2003, 2004). This bimodality requires abrupt
truncation of star formation. Most conspicuously, the temperature
distribution of the intergalactic medium (IGM) of some clusters
is at odds with simple radiative cooling arguments (Peterson et al.
2001; Hicks & Canizares 2001). The explanation of all of these
problems favors regulation of galaxy evolution by an unknown
mechanism of AGN ‘‘feedback.’’
The strongest case for the existence of AGN feedback can be
made in the cores of galaxy clusters and groups. Clusters have long
been known as strong X-ray sources (Byram et al. 1966; Gursky
et al. 1971), emitting thermal bremsstrahlung radiation from their
hot gas (first proposed and confirmed by Felten et al. 1966;
Mitchell et al. 1976, respectively). Calculations of the gas cool-
ing time in some clusters showed that it was less than the Hubble
time (Lea et al. 1973; Silk 1976). Subsequently, Cowie & Binney
(1977) and Fabian & Nulsen (1977) developed steady-state
‘‘cooling flow’’ models in which the gas of these systems con-
denses toward the center of the potential well. Two major prob-
lems with the cooling flow scenario have surfaced: (1) there have
been no observations of the large star formation rate necessary
for the center of clusters to be mass sinks of the condensing gas
(Fabian et al. 1991) and (2) high-resolution X-ray observations
confirm that cluster centers have far less gas below 1 keV than
predicted (Peterson et al. 2001; Allen et al. 2001;Hicks et al. 2002;
Fabian et al. 2003). As evidence mounts that gas in these systems
do not exhibit strong cooling flows, they have recently been re-
named ‘‘cool core’’ clusters (Molendi&Pizzolato 2001; Donahue
& Voit 2004).
While cooling flows have been discounted, galaxies exist, so
baryons must cool. Removing radiative cooling in the intracluster
medium (ICM) produces thewrong slope of theX-ray luminosity–
temperature relation (LX-TX; Kaiser 1986; Borgani et al. 2001;
Muanwong et al. 2001). To resolve these discrepancies, radia-
tive cooling must be balanced, at least in part, by some heating
source. Initially, feedback from supernovae was thought to heat
the ICM; however, it is now assumed that only AGNs could
produce the enormous energy needed to combat cooling (e.g.,
Valageas & Silk 1999; Wu et al. 2000). Early evidence for an
AGNconnection came from cross-correlating cluster sampleswith
radio sources (Owen 1974; Bahcall 1974). A subsequent study by
Burns (1990) found that more than 70% of cluster-dominant gal-
axies in cool core clusters are luminous radio galaxies. This radio-
X-ray correlation led to growing interest in the possibility of AGN
feedback manifested as ICM heating via radio lobes (e.g., Binney
&Tabor 1995; Churazov et al. 2001; Soker et al. 2001; Bru¨ggen&
Kaiser 2002; Begelman 2004).
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Spectacular support of AGN feedback on the ICM came from
the observations of large X-ray cavities in the gas surrounding
group and cluster cores spatially coincident with the radio lobes
of jets (McNamara et al. 2000; Fabian et al. 2000). The prototype
of radio-mode feedback in clusters is now the set of extremely
deep Chandra observations of Perseus, which show large cavi-
ties in the gas near the cluster core and evidence for shocks,
ripples, and sound waves in the ICM (Fabian et al. 2003, 2006).
Observations of Cygnus A also exhibit clear interactions between
the central radio source and the hot gas in this group of galaxies
(e.g., Wilson et al. 2000). ICM heating via radio-mode feedback
would eliminate the need for a central mass sink and create the
‘‘entropy floors’’ seen in clusters (Valageas & Silk 1999; Nath &
Roychowdhury 2002), producing the observed LX-TX slope
(Evrard & Henry 1991; Kaiser 1991). Most convincingly, the
amount of energy necessary to heat the ICM is consistent with
the energy needed to physically create the cavities in many sys-
tems (Bıˆrzan et al. 2004). AGN feedback probably occurs over a
broad range of energies and efficiencies; the sizes of a few radio
cavities suggest that their creation is not sufficient to completely
balance radiative cooling (Pope et al. 2007). The actual heating
mechanism employed by radio lobes is still under intense inves-
tigation (e.g., Ruszkowski et al. 2004; Reynolds et al. 2005).
The timescale of AGN feedback is unknown yet fundamental
to understanding its underlying physics and to model ICM evo-
lution and the accretion history of AGNs. Several different meth-
ods have been introduced to estimate the AGN feedback lifetime
via the radio emission of lobes or X-ray observations of the ICM.
Omma & Binney (2004) assumed that radio cavities move at the
sound speed of the ambient medium and calculated their age
using their projected distance from the galaxy core. The time nec-
essary for cavities to buoyantly rise to their present position can
provide an estimate of their lifetime as well (Churazov et al. 2001).
McNamara et al. (2000) andNulsen et al. (2002) determined cavity
age using the time required to refill the volume of ICM displaced
by the rising bubbles. Cavity ages between 106 and 108 yr
have been recorded using these techniques (e.g., Bıˆrzan et al. 2004).
However, some of these age estimates apply to the current AGN
age, or the time since the AGN turned off. The analysis herein
estimates the average total lifetime of Fanaroff-Riley type II
(FR II ) sources and consequently the timescale of their AGN
energy injection. This energetic AGN lifetime is critical to deter-
mining the physical processes of AGN feedback and whether
radiative cooling can be balanced by said mechanisms.
Radio-loud AGNs are not in every cool core cluster; thus, if
radio-mode feedback is viable, itmust be episodic.Binney&Tabor
(1995) were among the first to describe evolutionary models of
the ICM. Radiative loses and gravitational forces promote gas
infall toward the potential well and provide fuel for the AGN. The
AGN then forms jets that in turn lead to the creation of lobes that
heat the ICM and cause a net outflow of gas. Once this fuel supply
is removed, the AGN can no longer energetically sustain the jet,
and the newly created cavities then rise buoyantly through the ICM.
The strongest evidence for episodic heating has been the discovery
of ‘‘ghost’’ cavities in the outer regions of some clusters coincident
with weaker radio emission no longer directly associated with the
AGN (McNamara et al. 2001; Johnstone et al. 2002; Mazzotta
et al. 2002).
The preponderance of evidence supporting a connection be-
tween galaxy evolution and AGNs has led to the assumption that
black hole growth regulates star formation (Silk & Rees 1998;
Fabian 1999; King 2003;Weinmann et al. 2006). AGN feedback
provides a natural regulation mechanism: the energy injected into
the interstellar medium (ISM) prevents large-scale star formation
and provides an upper limit to the stellar mass of the galaxy, con-
tributing to galaxy downsizing (e.g., Cowie et al. 1996; Scannapieco
et al. 2005). To better understand the consequences of AGN feed-
back, hydrodynamic models have begun detailing the heating af-
fect of radio lobes in the group and cluster environment (e.g.,
Sijacki & Springel 2006). Hierarchal structure formation mod-
els now routinely invoke AGN feedback to obtain the observed
shape of the galaxy luminosity function and bimodal galaxy dis-
tribution (e.g., Granato et al. 2004; Springel et al. 2005a, 2005b;
Bower et al. 2006; Croton et al. 2006; Hopkins et al. 2006). In
addition to the nature of the physical process that couples the ra-
dio source to the ICM, the two main sources of uncertainty in the
aforementioned models are the efficiency of energy injection and,
again, the timescales over which the process occurs. We focus on
the latter unknown to provide context for the consequences of
AGN feedback and its role in galaxy evolution.
Some new insights into the details of the dynamics of radio
lobes and how they transfer energy to the surrounding medium
can be gained from high-resolution observations of individual
sources. Multicomponent radio sources are usually divided into
one of two morphological classes: Fanaroff and Riley classes I
and II (Fanaroff & Riley 1974). FR I sources are dominated by
emission toward the nucleus with a gradient toward fainter and
more diffuse emission as one moves radially outward. FR IIs are
limb-brightened sources, with well-defined areas of brightest
emission (‘‘hot spots’’) in their outermost regions. In addition to
their morphological distinction, FR IIs are generally more lumi-
nous than FR Is (Fanaroff & Riley 1974), while the most po-
werful FR IIs usually show a strong AGN component in their
spectra indicative of obscured quasars (Barthel 1989; Hes et al.
1993). FR class may also be a function of environment as the
majority of extended radio sources in clusters are FR Is (Prestage
& Peacock 1988; Hill & Lilly 1991). FR I sources may be FR IIs
that encountered high-density environments as they arose from
turbulent disruption of their lobes and entrainment of ambient
gas. Twomorphological groupswithin the FR I distinction, narrow-
angle tails (NATs) and wide-angle tails (WATs), are the result of
radio source interaction with the ICM in dense cluster and group
environments, either displaced due to galactic motion relative to
the ambient medium (Owen&Rudnick 1976) or bulk motions in
the ICM (Burns et al. 1994). Both FR I and FR II sources have
been observed interacting with the surrounding medium (e.g.,
Blanton et al. 2000; Fabian et al. 2003; Wilson et al. 2003).
The well-defined structure of FR IIs is an astrophysical analog
of a supersonic, collimated flow into ambient gas (de Young
2002). Long identified as the collision site of the energetic jet
particles and the surrounding medium, the hot spot position of
FR II sources has been used as a standard measuring stick of the
spatial extent of these powerful radio sources and can potentially
reveal source age. Asymmetries in the length of classic double-
lobed sources due to light travel time have been used to estimate
their expansion speed (Longair&Riley 1979;Arshakian&Longair
2004). High-resolution measurements of these geometric asym-
metries estimate the hot spot advance speed to be0.02c through-
out the jet’s lifetime (Scheuer 1995). The radiative properties of
radio lobes can provide estimates of the hot spot advance speed
and source age as well. Radiating particles advect away from the
hot spot and fill the cocoon, losing energy and softening the ra-
dio spectrum of the source as a function of age (Alexander 1987;
Alexander & Leahy 1987). Detailed observations of Cygnus A
show that the spectral index is a strong function of radial dis-
tance from the AGN (Carilli et al. 1991); this is seen in other
FR II sources as well. Recent spectral age estimates of FR IIs
are between 106 and 107 yr (C. O’Dea 2008, in preparation).
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Shared characteristics of FR II sources led to the idea of self-
similar growth (Falle 1991). In addition to similar advance speeds,
similar axial ratios (RT , the ratio of a lobe’s length to width) were
recorded for FR II sources over awide range of linear sizes (Leahy
& Williams 1984; Leahy et al. 1989; Subrahmanyan et al. 1996).
According to the basic model for FR II growth, an AGN gives rise
to two jets that propagate in opposite directions (Blandford &
Rees 1974; Scheuer 1974). The energetic jet terminates in a shock,
forming the hot spot, and drives a bow shock into the ambient
medium. This accepted foundation has been built on by a num-
ber of models that analytically describe the dynamics of FR II
sources (e.g., Kaiser&Alexander 1997, hereafter KA97) and their
luminosity evolution (e.g., Kaiser et al. 1997; Blundell et al. 1999;
Manolakou & Kirk 2002, hereafter KDA97, BRW99, andMK02,
respectively). All three use the dimensional arguments of KA97
to determine the length of FR II sources as a function of age but
differ on how energy is deposited in the radio lobes from the hot
spot. Given the physical properties of the jet and its ambient
environment, each model predicts the track of sources in the
luminosity-size plane. We use the KDA97 model as the crucial
link between the intrinsic and observable characteristics of FR IIs.
While the physics of radio jets are not completely understood in
detail, these models of FR II source evolution produce results
consistent with the demographics of large radio surveys (Barai &
Wiita 2006).
Demographic studies of radio-mode feedback have been greatly
assisted by the recent completion of large-area optical and radio
sky surveys. In particular, the Sloan Digital Sky Survey (SDSS),
covering two-fifths of theNorthernGalactic sky down to an r-band
limiting magnitude of 22.5, has proved invaluable in determin-
ing where potential radio-mode feedback systems (groups and
clusters) are on the sky. Several systematic searches for clusters
and groups using photometric (e.g., Annis et al. 1999; Kim et al.
2002; Goto et al. 2002; Lee et al. 2004) and spectroscopic (e.g.,
Goto 2005;Miller et al. 2005;Mercha´n & Zandivarez 2005) data
have provided valuable catalogs for a plethora of research. The
Faint Images of the Radio Sky at Twenty cm (FIRST; Becker
et al. 1995;White et al. 1997) survey is the radio analog to SDSS.
Surveying the SDSS area down to 1 mJy at 1.4 GHz, FIRST
represents a substantial improvement in radio surveys with regards
to sensitivity and angular resolution. Other radio surveys, espe-
cially the NRAO VLA Sky Survey (NVSS; Condon et al. 1998),
and FIRST constitute an expansive and detailed picture of the
radio universe. The combination of these optical and radio re-
sources provides unparalleled opportunity to investigate the radio
properties of the richest systems in the universe. In addition to our
FR II lifetime estimate, we present a demographic study of radio
sources in low-redshift central group galaxies.
One of the first investigations from these large-area surveys has
been the measurement of the radio galaxy LF and its deviations
from the optical galaxy LF (Sadler et al. 2002; Mauch & Sadler
2007). Correlations between radio AGNs and host galaxy proper-
ties, including local density and luminosity, have strengthened the
arguments for radio-mode feedback (Best et al. 2005a, 2005b). In
addition, a higher fraction of radio-loud AGNs are found in gal-
axies at the center of clusters than in similar galaxies not at the cen-
ter of their cluster’s potentialwell (Best et al. 2007;Croft et al. 2007).
Demographic studies have provided good evidence that radio-
mode feedback is a factor in galaxy evolution and even regulation.
In the present study we produce a sample of FR II radio sources
associated with central group galaxies using optical data from
the SDSS and radio maps from FIRST to measure the maximum
lifetime of FR IIs. Our systematic search for and subsequent
analysis of FR IIs measures their typical energetic lifetime—a
fundamental parameter necessary to ascertain the nature of AGN
feedback and its ramifications. The properties of the host galaxy
are assembled from our optical data while the source attributes
are obtained from our radio data. We ultimately produce a col-
lection of FR II radio sources andmeasure their projected lengths
(x 2). Simulations of FR II sources with known properties are
produced in a Monte Carlo scheme using the KDA97 model and
compared to our observed sample in x 3. In x 4 we present our
results for the lifetime of FR II sources, while dependence on group
and host galaxy properties is discussed in x 5. We summarize our
findings in x 6.
2. SAMPLE
2.1. Optical Sample
This study’s primary sample is a subset of the group and cluster
catalog created by Berlind et al. (2006b) using the SDSS. Using a
dedicated 2.5 m telescope at Apache Point Observatory, SDSS
scans the sky in five photometric bandpasses simultaneously with
its 120Megapixel camera (Gunn et al. 1998). Except in the case of
fiber collisions owing to very small angular separations on the sky,
most galaxies in the survey are selected for spectroscopic follow-up.
Berlind et al. (2006b) use a redshift space friends-of-friends (FoF)
algorithm to identify groups of galaxies within the SAMPLE14
galaxy set (Blanton et al. 2003), itself a subset of the main SDSS
galaxy sample (Strauss et al. 2002). FoF identification schemes
are based on the premise of recursively linking galaxies together
within a specified linking volume around each galaxy. The specific
details can be found in Berlind et al. (2006b) and sources cited
therein. FoF algorithms have several advantages: they produce
unique groups of galaxies for a given linking volume, no group
geometry (e.g., spherical) need be assumed a priori, and groups
are only supplemented with new members when the linking vol-
ume is increased. The Berlind et al. (2006b) group catalog is a
volume-limited sample of 57,138 galaxies complete down toMr ¼
19:9mag and spanning the redshift range 0:015 < z < 0:1. Each
group member’s luminosity and spectroscopic redshift, in addi-
tion to the total group luminosity, are reported in the catalog.
2.2. Radio Sample
We used the FIRST (Becker et al. 1995) survey conducted at
the VLA to identify radio sources in our group sample. FIRST, a
radio survey conducted at 1.4 GHz, has an angular resolution of
500 and a typical rms of 0.15 mJy pixel1. The resulting cata-
logs have a source detection limit of 1 mJy and astrometry better
than 100. The survey’s area was designed to match that of SDSS.
FIRST represents roughly an order of magnitude improvement
in angular resolution and sensitivity over previous large-area ra-
dio skymaps. These survey properties allow us to identify extended
radio sources associated with single galaxies even in a crowded
group environment.
FIRSTobservations of FR II sources were complemented with
data from the NRAO VLA Sky Survey (NVSS). Also carried out
at 1.4 GHz, NVSS is complete down to 2.5 mJy and has an an-
gular resolution of 4500 (Condon et al. 1998). Due to NVSS’s
shorter baselines in comparison to FIRST, it is much less likely to
resolve out any flux from sources.
2.3. Cross-Matching of the Optical and Radio Catalogs
To create a manageable sample size, groups with total Mr 
22:0mag were included in this study. In addition, groups whose
central galaxy’s coordinates were not included in FIRST were
excluded. The remaining sample is composed of 2020 groups
with mass greater than 1013:5 h1 M and a typical velocity
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dispersion range of 100 km s1  v  700 km s1. Central
group galaxies, identified in Berlind et al. (2006b) as the brightest
group member, were cross-correlated with FIRST.
We note that the FIRST catalog reports radio ‘‘components’’
as opposed to whole sources (White et al. 1997). As such, any
FR II source would have two components (de Vries et al. 2006).
We searched for multicomponent (2) radio sources in the FIRST
catalog within 100 kpc of each central galaxy. Each candidate was
then visually inspected for FR II morphological features ( limb-
brightened double sources). FR morphology can be robustly de-
tected when the source is 1000 (corresponding to the minimum
FIRST component size plus the approximate half-power beam
width of FIRST), and we require this minimum length of any
potential FR II. We find 32 central galaxies whose associated ra-
dio sources meet this simple criteria. Any FR I interlopers are re-
moved from the sample via the morphological distinction made
by Fanaroff & Riley (1974); i.e., if the ‘‘ratio of the distance be-
tween the regions of highest brightness of opposite sides of the
central galaxy or quasar to the total extent of the source’’ was
greater than 0.5, the source is an FR II (Fanaroff & Riley 1974).
Of our 32 potential candidates, 26 extended radio sources pass
this morphological cut. These galaxies and their 52 associated
lobes comprise our sample, and their properties are summarized in
Table 1. Thumbnails of the optical and radio emission of each gal-
axy in our sample are shown in Figure 1. We discuss determina-
tion of lobe and hot spot length in x 2.4.
After the initial FR morphological distinction by Fanaroff &
Riley (1974), FR sources have historically been classified us-
ing an empirically seen break between the luminosity of the two
classes (Fanaroff & Riley 1974; Ledlow&Owen 1996). Ledlow
&Owen (1996) show that the break is a function optical luminosity
(L rad / L1:8opt) but is less well defined in clusters and at lower red-
shifts. ThemeanMr of the host galaxies in our sample is21.82,
corresponding to an FR I/FR II break luminosity of L1:4 Ghz 
4:7 ; 1024 W Hz1 at z ¼ 0:1 for our choice of cosmology
(20 sources do not exceed this threshold in our sample, of which
nine are within a factor of3).We note that studies of FR sources
have been dominated by high-luminosity sources due to the rel-
ative lack of sensitivity in wide-area radio surveys until recent
years. Blundell et al. (1999) argue that morphology is a much
more fundamental quantity than luminosity as similarly luminous
sources will not have the same jet properties at all redshifts. Our
sample is strictly composed of FR IIs in the morphological sense.
Further, KA97 and KDA97 model the self-similar evolution of
limb-brightened lobes with distinct working surfaces. Our sample
meets this criteria, and thus the KA97 and KDA97 models can be
applied appropriately.
2.4. Projected Source Length Measurement
Several methods have been employed in the literature to mea-
sure the projected length of radio lobes. In the past, a few stud-
ies investigated the ratio of projected lobe lengths of classic
TABLE 1
FR II Source Sample
SDSS ID
(1)
z
(2)
Mr; grp
(3)
(g r)grp
(4)
Mr; cen
(5)
(g r)cen
(6)
FFIRST
(mJy)
(7)
FNVSS
(mJy)
(8)
PNVSS
(1023 W Hz1)
(9)
lhs; 1
( kpc)
(10)
lhs; 2
( kpc)
(11)
lp;1
(arcsec)
(12)
lp;2
(arcsec)
(13)
lp;1
( kpc)
(14)
lp;2
(kpc)
(15)
J020217.2010740.2......... 0.042 23.40 0.97 21.76 1.04 32.57 40.4 1.62 19.9 16.9 33.9 26.9 27.7 22.0
J073600.8+273926.0.......... 0.078 22.61 1.16 21.57 1.23 11.97 12.0 1.75 11.2 6.3 10.0 10.1 14.5 14.7
J074535.7+335746.6.......... 0.062 23.38 0.91 21.09 0.98 70.07 82.9 7.47 13.7 15.2 19.3 24.7 22.7 29.1
J075625.7+370329.6.......... 0.076 23.25 0.94 21.61 1.00 60.67 208.4 28.80 71.2 47.2 86.0 47.8 122.2 67.9
J075828.1+374711.8.......... 0.040 22.81 1.02 22.28 1.05 546.07 2717.9 98.70 42.8 46.5 74.2 65.7 57.9 51.3
J080113.2+344030.8.......... 0.081 23.11 0.92 21.33 1.00 23.27 44.4 7.02 21.0 45.1 23.6 40.3 35.5 60.7
J081023.2+421625.8.......... 0.063 23.33 0.97 22.06 1.03 8.47 10.1 0.94 7.7 6.0 10.5 10.2 12.5 12.2
J084632.4+293555.3.......... 0.069 23.57 0.91 21.98 1.04 76.77 89.4 10.08 18.2 21.5 24.5 25.1 31.9 32.6
J084759.0+314708.3.......... 0.066 24.09 0.96 22.62 1.01 323.27 868.7 89.25 103.6 99.8 120.5 88.9 150.4 111.0
J093058.7+034827.7 ......... 0.087 23.56 0.99 22.07 1.00 31.87 57.5 10.58 38.8 34.9 37.7 34.8 60.5 55.9
J094708.8+421125.6.......... 0.071 22.16 0.98 21.59 1.00 26.37 39.4 4.72 44.9 37.4 42.5 35.8 56.7 47.8
J102204.6+445144.0.......... 0.081 22.04 0.99 21.64 1.00 396.67 385.8 61.01 19.3 22.1 26.5 24.4 39.9 36.7
J104958.8+001920.2.......... 0.039 23.15 0.88 21.65 1.00 18.27 61.8 2.13 12.9 11.3 27.2 21.2 20.7 16.1
J114506.5+533853.0.......... 0.068 22.49 0.95 21.91 1.02 103.87 147.8 16.17 67.3 53.9 62.6 50.0 80.3 64.2
J115011.2+534321.0.......... 0.060 24.11 0.84 21.49 0.98 71.97 82.5 6.94 18.5 17.0 24.1 22.9 27.5 26.2
J122718.3+085036.8.......... 0.087 24.27 0.90 21.27 0.95 46.47 47.7 8.78 19.9 25.2 19.3 22.7 31.0 36.5
J130239.0+622939.6 ......... 0.074 23.23 0.99 22.07 1.03 287.07 306.3 40.02 28.7 23.2 31.7 33.7 44.0 46.7
J133151.8025219.5......... 0.085 22.24 0.96 21.92 1.00 72.07 84.6 14.82 21.8 23.4 22.1 24.5 34.8 38.5
J135442.2+052856.0.......... 0.076 22.66 0.87 21.98 0.96 37.97 36.5 5.04 17.6 23.2 21.5 23.2 30.5 33.0
J150315.1+360851.8.......... 0.072 23.03 0.96 22.13 0.99 189.77 402.5 49.64 60.7 63.6 60.2 59.7 81.4 80.7
J154417.8+344146.6.......... 0.071 23.70 0.81 21.92 0.83 119.57 199.1 23.85 42.1 49.4 45.4 45.4 60.6 60.6
J155721.4+544016.2.......... 0.046 22.57 0.98 21.67 0.99 76.27 96.2 4.66 26.2 44.1 46.8 58.0 41.7 51.7
J160804.5+430948.4.......... 0.083 23.51 0.95 21.84 0.98 62.77 74.4 12.39 21.6 21.2 23.8 23.5 36.6 36.2
J171329.0+640248.9 ......... 0.077 23.46 0.94 21.95 1.05 252.67 265.7 37.75 23.8 18.1 21.0 19.3 30.2 27.8
J215701.7075022.5......... 0.061 24.70 0.78 22.05 0.81 366.57 433.1 37.74 34.6 33.4 41.2 41.7 47.8 48.4
J235958.8+004206.3 ......... 0.080 23.54 0.89 21.88 0.91 270.17 411.1 63.32 124.7 88.5 95.6 85.6 142.3 127.4
Notes.—FR II sources in our sample in order of increasing right ascension. Col. (1): SDSS identifier. Col. (2): Galaxy redshift. Col. (3): Total r-band absolute magnitude of
the group.Col. (4): (gr) color of host group.Col. (5):Absolute r-bandmagnitude of the host galaxy. Col. (6): (gr) color of the host galaxy. Col. (7): Total source flux inmJy
reported byFIRST.Col. (8): Total source flux inmJy reported byNVSS.Col. (9): Total source luminosity in 1023 WHz1 computed from theNVSSflux.Cols. (10) and (11): The
projected separation of the hot spot and central galaxy in kpc. Cols. (12) and (13): The angular size of the two lobes in arcseconds. Cols. (14) and (15): The projected length of the
two lobes in kpc. Note that cols. (10), (12), and (14) will always correspond to the east hot spot and lobe, and cols. (11), (13), and (15) to the west hot spot and lobe.
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double-lobed radio sources to determine their expansion velocities
(Longair & Riley 1979; Scheuer 1995). Scheuer (1995) measured
the projected lobe length as the distance between the ‘‘second or
third’’ radio contour at the edge of the lobe and the core radio
source, noting ‘‘that any well-defined prescription, rigorously ap-
plied, will sometimes produce obvious nonsense.’’ In more recent
work, the length of the source is defined as the distance from the hot
spot, or the termination shock of the jet, to the central radio source.
In order to securely define a sample of FR II sources, we must
know both the lobe length and the hot spot to central galaxy
separation. We assumed that the centroid of the bright, compact
emission in each lobe was the position of the hot spot (as in
Blundell et al. 1999). This definition is practical as it traces
the position of the brightest emission in each lobe and provides
half of the needed information to make FR class distinctions of
Fanaroff & Riley (1974). Determination of the lobe length is
inherently more subjective.We define the lobe length as themax-
imum separation between the central galaxy and the contour
corresponding to 5 times the average rms of the FIRST survey
(5 ; 0:15 mJy beam1). The errors associated with both the po-
sition of the brightest emission and the lobe length defined in the
above manner are less than one FIRST pixel (1.800). Lobe lengths
are measured exclusively using FIRST data as our study is depen-
dent on accurate astrometry to establish galaxy-lobe associations
and to make source length determination as rigorous as possible.
The cumulative projected length distribution of the observed sam-
ple has amedian of 36.5 kpc and is shown in Figure 2. See Table 1
for the projected lobe lengths of the FR II sample.
In our subsequent analysis we only include lobes with a pro-
jected length less than 100 kpc. This cut in lobe length removes
five lobes from our FR II sample but suppresses two significant
sources of potential error: (1) longer sources inherently have larger
absolute errors in their length measurement and (2) at distances
greater than 100 kpc from the central group galaxy, the potential
for associating another group member’s radio emission with the
central galaxy increases. In addition, we expect at least one con-
vincing fake FR II source (greater than 135

separation between
two random sources with projected length asymmetry less than
15 kpc) at greater distances due to the surface density of FIRST
sources. We examine any effect this cut may have on our conclu-
sions in x 4.1.
3. MOCK POPULATION GENERATION
To estimate themaximum age of the sources in our sample, we
generatemock FR II radio source catalogs that match the selection
criteria of our FIRST sample but span a wide range of maximum
Fig. 1.—Host galaxies with FR II radio sources in our sample. The SDSS r-band images are the gray scale, while the contours are the logarithmic radio flux from
FIRST. Each image is 16200 on a side. The scale bar in the bottom left is 3000.
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age. We then compare the model distributions of lobe length with
our observed distribution to determine the maximum lifetime
tmax most consistent with the data. There are several con-
siderations one must take into account when creating the mock
catalogs: the random projections of our observed jets, the lim-
itations of FIRST (both in angular resolution and sensitivity),
and the evolution in luminosity and linear size of radio sources
as a function of time.
A simple Monte Carlo scheme is employed to create the mock
catalogs. For a given simulation, sources are assigned ages, red-
shifts, jet powers, and orientations according to the prescriptions
in this section. We detail the age, redshift, and jet power distribu-
tions of our catalogs in x 3.1. Each source is then evolved using
the self-similar hydrodynamic KDA97 model to produce their lu-
minosities and intrinsic lengths.Abrief outline of theKDA97model
and its input parameters follows in x 3.2. Sources are projected onto
the skywith a random viewing angle (x 3.3).We assume a flat uni-
verse withH0 ¼ 71 km s1 Mpc 1,m ¼ 0:27, and ¼ 0:73.
3.1. Global Population Properties
In order to model the luminosity and length of a mock radio
source, the three input parameters are the age, redshift, and jet
power. We generate a series of mock catalogs parameterized by
the maximum allowed age tmax of the sources. Eachmock source
is assigned some time, t j, between its birth time and tmax. For a
single simulation’s sources, t j is uniformly distributed over the
interval [1 yr, tmax]. In practice, it is reasonable to assume some
distribution in tmax as each source will not turn off at exactly the
same time. While one could in principle attempt to solve for a
spread in tmax as well, we do not do so because of our small sam-
ple size. Introducing a distribution in tmax to the model would
widen the likelihood functions calculated in x 4. Once a source
is assigned t j, it is then randomly assigned a redshift from a
Fig. 1—Continued
Fig. 2.—Cumulative distribution of projected lobe lengths in our sample (solid
histogram) and representativemodels with tmax ¼ 106 (dotted line), 107 (solid line),
and 108 yr (dashed line). The remaining parameters are our default values,X1S (see
Table 3). These CDF shapes correspond to equally unique PDFs; thus, we are able to
easily determine the most likely tmax for our observed sample. Of all the variables
in our analysis, tmax has the largest effect on the length distribution. The best-fit
tmax ¼ 1:5 ; 107 yr.
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probability distribution that matches the observed redshift dis-
tribution of the parent group sample.
Finally, each source is assigned an initial jet power, Q, drawn
from a probability distribution of the form
p(Q)dQ / QdQ; ð1Þ
forQ in some rangeQmin  Q  Qmax. We adopt two distinctQ
distributions, performing a parallel analysis with each. The first
is constrained by the local LF of active radio galaxies calculated
by Sadler et al. (2002). Jet powers are assigned to our mock
sources from a probability distribution such that when evolved
with KDA97 under our default conditions (Table 2), the result-
ing luminosity function’s slope and limits match that of radio-
emitting AGNs (see Sadler et al. 2002, eq. [11]). The Sadler Q
distribution (hereafterQS) designatesQmin¼ 5:0 ;1033 W,Qmax ¼
1:0 ; 1039 W, and  ¼ 0:62. The second Q distribution is taken
from Blundell et al. (1999): Qmin ¼ 5:0 ; 1037 W, Qmax ¼ 5:0 ;
1042 W, and  ¼ 2:6 (hereafter QB). While Qmax is higher for
this distribution, the much steeper slope yields fewer sources with
highQ. Neither of theseQ distributions are ideal for our purposes;
the SadlerQS is derived relative to an FR I LF, while the Blundell
QB employed a different cosmology. However, we demonstrate
in x 4 and theAppendix that our results are relatively insensitive to
theQ distribution. Note that sources within a single simulation are
assigned jet powers from only one of these Q distributions.
3.2. KDA Evolution Model
The next ingredient in our mock catalogs is a prescription for
radio source evolution in time. As noted above, three models for
FR II source evolution are commonly discussed in the literature:
KDA97, BRW99, and MK02. Most of these models only dif-
fer in their calculation of the luminosity, whereas the equations
governing the length of the radio source as a function of age
simply stem from a dimensional argument found in KA97. Barai
& Wiita (2006) quantitatively compared these models and their
ability to reproduce established radio surveys’ results, particularly
the FR IIs in the ThirdCambridgeRevisedRevised (3CRR), Sixth
Cambridge (6CE), and Seventh Cambridge Redshift Surveys
(7CRS). These authors created mock catalogs (using a similar
scheme to this paper) to emulate these surveys and evaluated each
model with 1D and 2D Kolmogorov-Smirnov tests between the
real and modeled data across several parameters (luminosity, lin-
ear size, and spectral index). They concluded that while all of the
models required modification to produce the proper distribution
of spectral index, the KDA97 model produced simulated data
that most closely matched the observed surveys, especially in the
luminosity–linear size plane most relevant to our investigation.
Based on Barai &Wiita (2006), we use the KDA97 to model the
luminosity evolution of FR IIs in our mock catalogs. While we
chose the KDA97 model based on its agreement with existing
data, all the models mentioned produce broadly consistent size-
luminosity relationships, and therefore our results should not sig-
nificantly depend on model choice.
KA97 and KDA97 also have the virtue of being the simplest
self-similar models for the length and luminosity of a radio source
as a function of age, environment, and jet power. They are an ex-
tension of canonical models in which a jet emerges from the AGN
region and is soon confined by the uniform pressure of the sur-
rounding cocoon except near the hot spot. The ram pressure of
the jet is distributed over the working surface and is balanced by
the ambient shocked IGM. KA97 introduce the dynamics of the
cocoon, while KDA97 calculate evolutionary tracks for radio
sources in the luminosity-linear size plane. Below we quickly
summarize the important assumptions and quantities involved
in the calculation of source length.
The KA97 model assumes that the lobe expands into an IGM
whose density is parameterized by a simplified King model: x ¼
0(r /a0)
, with r the radial distance from the radio source core,
0 a constant density, a0 a scale length, and  the radial density
index (seeKA97, eq. [2]). Further assuming that the rate of energy
injection from the AGN into the cocoon and rest-mass transport
along the jet are constant, one can make a dimensional argument
that the length of the lobe, l, is
l ¼ c1a0 t

 3=( 5)
; ð2Þ
where
  a
5
00
Q0
 ( 1=3)
; ð3Þ
is a characteristic timescale, t is the age of the source, Q0 is the
initial jet power, and c1 is a dimensionless constant of order
unity. The calculation of source luminosity is far more complex
but still relies on the basic assumptions outlined above. We use
equation (16) of KDA97 to compute the luminosity, P , as a func-
tion of time and frequency and refer the reader to that paper for its
derivation.
Relative to many radio source evolution models, the KDA97
approach is straightforward. Table 2 lists the parameters used in
the model, a short description of each, and typical values. Given
a choice of these parameters, hereafter collectively referred to as
X , and the age, redshift, and jet power of the source, the KA97
andKDA97models describe the calculations necessary to obtain
its luminosity and length. We first address the parameters that re-
mained constant in our analysis and then discuss those that were
varied from simulation to simulation.
The adiabatic index of the gaseous IGM, cocoon, and mag-
netic field (x, c, and B, respectively) are chosen to represent
TABLE 2
Description and Default Values for KDA97 Input Parameters
Parameter Default Value Description
x.......................... 5/3 Adiabatic index of the IGM
c.......................... 4/3 Adiabatic index of the cocoon
B ......................... 4/3 Adiabatic index of the magnetic field energy density
p............................ 2.14 Injection index
RT ......................... 2.0 Axial ratio
0 .......................... 7:2 ; 1022 kg m3 Constant central density
a0 .......................... 2.0 kpc Scale length
 ........................... 1.9 Radial density power-law index
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nonrelativistic (x) or relativistic (c, B) equations of state i.e.,
x ¼ 5/3, c ¼ B ¼ 4/3. There are two other plausible sce-
narios: both the cocoon and the magnetic field are governed by
nonrelativistic equations of state or the magnetic energy density
is proportional to one of the relativistic particles. Neither scenario
would significantly change the length calculation.
Several jet parameters can float within reasonable ranges. The
first of these is the energy distribution of injected particles, which
characterizes how energy is transported from the hot spot to the
lobe. In the KDA97 model, radiating particles are injected into
the lobe from the hot spot according to some energy number dis-
tribution, N (E) / Ep, and the injection index p is assumed to
be constant over the lifetime of the source. In the rest frame of the
jet shock, material in the jet is moving with   1:67 (KDA97).
Heavens & Drury (1988) determined that this implies an injec-
tion index of p ¼ 2:14. While that approach was not specifically
intended for extragalactic shocks, Alexander & Leahy (1987) and
others have shown that typical radio source SEDs imply 2 p 3.
Therefore, KDA97 adopts p ¼ 2:14 as a fiducial value, and we
do the same. In x 4.2.3, we explore the relationship between p
and tmax, including the effect a more conventional index p ¼ 2:5
has on the calculated maximum lifetime.
The remaining parameters set the intrinsic properties of the
lobe and the surrounding IGM. The axial ratio of the lobe RT is
the ratio of the length of the lobe to its width and is an important
variable in the lobe’s evolution both in power and as a linear
source. The higher the axial ratio of the lobe, the higher the pres-
sure at the hot spot ( ph). This higher ph will produce a greater hot
spot advance speed, yielding sources of a given length in a shorter
period of time. The distribution of axial ratio in radio sources is
still not well characterized by an unbiased survey of FR II sources.
Work by Leahy&Williams (1984) and Leahy et al. (1989) at least
indicate axial ratios 1:3  RT  6. More recent samples confirm
this range as nominal for FR II sources (e.g., Kharb et al. 2008).
Ideally, one would assign axial ratios to each model source from
a known distribution. However, this distribution is poorly con-
strained by current observations, andwe therefore assign all sources
a single axial ratio per simulation. KDA97 adopt a nominal value,
RT ¼ 2:0, corresponding to  ¼ 31:1 and we do the same.
A dense IGM increases the confinement pressure on the lobe
and reduces the hot spot advance speed. We investigate how the
density profile of the IGM, another input parameter of the KDA97
model, affects lobe length and lifetime measurements in x 4.2.1
and determines the relationship between axial ratio and tmax in
x 4.2.2.
3.3. Geometric Considerations
As our actual measurement is of a distribution of projected
source length, we finally assign each mock source a random
viewing angle. This is more accurate than assuming an average
viewing angle for all sources. In the absence of any luminosity
evolution, the expected source size distribution for a single age
population, as well as for a range of ages up to some tmax, can be
calculated analytically. For a single age population, where r is
the intrinsic source length and R is the projected source length,
the fraction of observed sources with length less than R is
f (<R) ¼ 1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 R
r
 2s
: ð4Þ
This function is shown in the left panel of Figure 3, along with
the projected length distribution of 104 random sources of a sin-
gle age. Each source is assigned a random ,  and projected on
the sky, yielding the length distribution shown by the data points.
Our random distribution is in excellent agreement with the an-
alytic result.
We now extend this test to a set of sources uniformly dis-
tributed in age up to some maximum age tmax associated with a
maximum intrinsic length rmax. The fraction of sources less than
some projected length R is
f (<R) ¼
Z R
0
dr þ
Z rmax
R
1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 R
rmax
 2s
dr: ð5Þ
Wenaturally split the equation between contributions from sources
with intrinsic length r < R and r  R. For all r < R, f (<R) picks
up the number of sources with intrinsic length r. For other val-
ues of r, we sum over the fraction of sources less than R for
each intrinsic length. The right side of Figure 3 shows f (<R)
for a 105 source sample (data points) overlaid with equation (5).
Notice how the projected length distribution is shifted toward
smaller source lengths, with the median source length now at
36% of rmax. In practice, this analytic distribution is not a good
match to the data because of the implicit assumption of no lumi-
nosity evolution. Because sources fade as they age, the observed
distribution should be skewed toward shorter sources.
3.4. Catalog Generation
For a given choice of parameters X (see Table 2) and maxi-
mum age tmax, we generate a mock catalog with 10
6 radio
sources. Each source is assigned a jet power, redshift, and age
according to the distributions detailed above. The intrinsic
length and luminosity P of each source is obtained using the
KDA97 model. These are randomly projected on the sky as
described in x 3.3, yielding projected length lp. The mock cat-
alogs are stripped of undetectable sources via length and lumi-
nosity cuts tomatch the observational limits of the FIRSTsurvey.
If lp is less than our 10
00 minimum angular size for detected FR
IIs, it is removed from the final catalog. Similarly, if P corre-
sponds to a flux below the 1 mJy sensitivity of FIRST, it is
discarded. We examined a similar catalog generation process
using a surface brightness cut and noted no statistical difference
in the resultant mock catalogs when compared to those created
using the FIRST flux limit. This demonstrates that our analysis is
not biased against large, diffuse, presumably old lobes that might
have been resolved out by FIRST’s exquisite angular resolution.
Fig. 3.—Cumulative fraction of sources less than a projected length R on the
sky. The boxes are the result of random projections of single (left ) and uniformly
(right ) aged sources. Themaximum length is normalized to one in both plots. For
a population of sources with a single age (left), 50% of the sources are projected at
85% or higher of their intrinsic length. Once the population is uniformly dis-
tributed in age, the median projected distance is now 36% of the intrinsic length of
the oldest sources. The boxes are the result of random projections of 104 (left ) and
105 (right) sources. The solid lines are given by eq. (4) (left ) and eq. (5) (right ).
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The output from this process is a cleaned catalog of sources whose
properties are well understood and meet our selection criteria.
4. RESULTS: LIFETIME OF FR IIs
If the physical properties of a set of radio lobes are kept con-
stant, their maximum age sets the length distribution. In the next
subsections we compare the projected length distribution of the
models discussed in x 3 with the observed distribution and quan-
tify the goodness of fit via a maximum likelihood estimation
(MLE). We first describe our maximum likelihood approach in
x 4.1 and use this framework to estimate tmax. We then investigate
degeneracies between tmax and other parameters of the KDA97
model in x 4.2.
4.1. Method of Maximum Source Age Determination
We use the maximum likelihood approach to determine which
models best reproduce the length distribution observed. In gen-
eral, a model is made distinct by a unique choice of tmax and
model parametersX i (x 3.2 and Table 2). Every choice ofX i and
tmax produces a distinct distribution of projected lobe length lp.
We first create probability density functions (PDFs) of themodel
distributions we wish to compare. For each mock catalog, we di-
vide the one-dimensional space of lp into equally wide bins. The
probability, P k , assigned to the kth bin is then just nk /
P
j nj,
where nk is the number of sources within the kth bin and
P
j nj is
the total number of sources in all the bins. The likelihood, L, of
a model is then
L ¼
Y
j
P j; ð6Þ
whereP j is the probability of finding the j th source in the model.
As the PDFs are relatively smooth functions, we use simple lin-
ear interpolation to obtain P j from P k .
In order to reasonably limit the theoretical error of our model
with a feasible number of sources, we only evaluated the prob-
ability of observed sources with 5:3 kpc  l  101:3 kpc. Us-
ing these length restrictions, we are assured good statistics in our
longest length bins and avoid potential sources of error such as
spurious associations (x 2.4) and sources that fall below the an-
gular resolution of FIRST at the highest redshift of the parent
sample (z ¼ 0:1). Themaximum length of 101.3 kpc was simply
chosen to produce 33 equally spread bins of 3 kpc each. As we
showbelow, these cuts in length do not limit our sensitivity tomax-
imum age distinctions because the observed length distribution
is such an important constraint (see Fig. 2). We create 106 sources
per simulation to ensure uniform sampling of the chosen distri-
butions of jet power, age, and redshift.
The prescription for determining the lifetime of FR II radio
sources is now straightforward. For a fixed choice ofX i, we pro-
duce models with a range of tmax and determine that which max-
imizes the likelihood. Specifically, models with 2 ; 104 sources
were created for a range of tmax between 10
6 and 108 yr in steps
of 106 yr. Once the approximate peak in the likelihood function
is found, we produce models with 106 sources, making smaller
steps in tmax around the peak. The lifetime of FR II sources for
a given X i is then the tmax of the model of maximum likelihood;
1  errors, corresponding to lnL ¼ 0:5, are calculated in each
direction. Table 3 lists the lifetime of FR II sources for a variety
of X i.
Figure 2 shows the cumulative length distribution of our sam-
ple, along with mock catalogs generated with our default KDA97
input parameters (X 1S) for tmax ¼ 106; 107; and 108 yr. It is im-
portant to note how dramatically different the model distribu-
tions are for different tmax. The fact that these distributions are
so distinct allow us to determine tmax with good precision and
makes this technique so effective. For X 1S and tmax ¼ 106 yr,
the median projected lobe length is 7 kpc, yielding no sources
11 kpc. Conversely, a lifetime of 108 yr produces a median
source length of53 kpc. Shorter tmax skews the distribution to-
ward young sources that do not have enough time to produce the
longer observed lengths, whereas most sources are older than
107 yr in the tmax ¼ 108 yr case; therefore, the expected observed
distribution is much more heavily weighted toward longer lobes.
Figure 4 shows the PDFs of several tmax for X 1S. Even tmax 
2 ; 106 yr produces appreciable changes in the PDF and thus the
likelihood, L. The tmax best representing the data, the maximum
of the L(tmax) function, is obvious given a choice of X .
The results for our fiducial parameter sets,X 1S; 1B, are shown in
Table 3. ForX 1S the most probable tmax ¼ 1:22( 0:280:14 ) ; 107 yr,
while for the Blundell distribution X 1B the most likely tmax¼
1:75( 0:210:07 ) ; 107 yr. A plot of the relative L as a function of
tmax forX 1S andX 1B is shown in the left panel of Figure 5. These
two maximum age estimates are comparable because the median
jet powers of the two Q distributions are similar, in spite of their
different ranges and slopes. The Blundell Q distribution has a
TABLE 3
Maximum Lifetime Estimates
tmax (10
7 yr)
ID
(1)
0
( kg m3)
(2)
a0
( kpc)
(3)

(4)
RT
(5)
p
(6)
QS
(7)
QB
(8)
Notes
(9)
X1S, X1B ................. 7:2 ; 1022 2.0 1.9 2.0 2.14 1:220:280:14 1:750:210:07 Default (KDA97)
X2S, X2B ................. 1:67 ; 1023 10.0 1.5 2.0 2.14 1:150:220:15 1:590:190:09 BRW99 density profile
X3S, X3B ................. 7:19 ; 1026 391.0 1.23 2.0 2.14 0:880:200:06 1:310:140:10 Jetha et al. (2007) density profile
X4S, X4B ................. 7:2 ; 1022 2.0 1.9 1.0 2.14 2:440:510:27 3:550:370:22 RT ¼ 1:0
X5S, X5B ................. 7:2 ; 1022 2.0 1.9 4.0 2.14 0:720:140:09 1:040:090:04 RT ¼ 4:0
X6S, X6B ................. 7:2 ; 1022 2.0 1.9 6.0 2.14 0:530:120:06 0:760:090:04 RT ¼ 6:0
X7S, X7B ................. 7:2 ; 1022 2.0 1.9 2.0 2.5 1:260:260:14 1:790:130:09 p ¼ 2:5
X8S, X8B ................. 7:2 ; 1022 2.0 1.9 2.0 2.9 1:260:320:15 1:790:190:12 p = 2.9
Notes.—FR II lifetimes for a variety of jet, lobe, and IGM conditions. Col. (1): Identifier of the parameter choice in the text.X iS is the parameter set constrained by the
Salder LF; X iB is constrained by the BRW99 jet power distribution. Col. (2): IGM density at the core radius in units of kg m3. Col. (3): Scale radius in kpc of the King
profile used to model the IGM. Col. (4): Index of density profile: (r) ¼ 0(r/a0) . Col. (5): Axial ratio of lobes in simulation. Col. (6): Injection index of energy number
distribution of particles in the jet:N (E) / Ep. Col. (7): Most likely tmax forX iS simulation in 107 yr. Col. (8): Most likely tmax forX iB simulation in 107 yr. Col. (9): Brief
description of how the parameter set differs from the default set.
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slightly lower median jet power and hence the longer estimated
lifetime of sources.
4.2. Parameter Dependence
We have determined the FR II lifetime for a fiducial choice of
model parameters (x 4.1). An immediate concern is how degen-
erate the FR II lifetime is with various properties of the jet, lobe,
and ambient IGM.We produce a series ofmodelsX i, representing
the extremes of the observed parameter space discussed in x 3.2.
We estimate the lifetime of FR II sources with these parameter
choices to place constraints on the systematic uncertainties due
to the unknown values and distributions of these parameters. As
these models should bracket the true range of jet, lobe, and en-
vironment properties, we expect the corresponding range of tmax
will be a conservative estimate of its uncertainties. See x 4.2.4
for a brief explanation of the choice of singular values over dis-
tributions of RT and density profile in a given simulation. An
analytic investigation of parameter dependence is presented in the
Appendix.
4.2.1. Density Profile
The density of the IGM surrounding a lobe could have a sig-
nificant impact on its length. This introduces a possible degeneracy
between a chosen density profile of the IGM and the lifetime we
measure for our FR II sources. As mentioned in x 3.2, KDA97
approximates the density profile of the IGMwith a modified King
model [ ¼ 0(r /a0)]. Here we examine three density profiles
and their affect on the maximum lifetime of FR II sources. Two
profiles (those ofX 1 andX 2) are the parameters used in theKDA97
and BRW99models for radio source evolution. We also implement
an empirically derived density profile of the IGM in local groups
(X 3 in Table 3; Jetha et al. 2007).
Our first density profile is associated with the default param-
eters of the KDA97 model. The average density 0 at the scale
radius a0 is 7:2 ; 1022 kgm3, or less than 1 hydrogen atom per
cubic meter. Canizares et al. (1987) argue that these values are
typical out to a radius of 100 kpc from the source core. The
value of  ¼ 1:9 is larger than that of the other density profiles
discussed here but is still within the expected range. Falle (1991)
showed that for  > 2 the jet will not form shocks, and thus no
FR II sources will be present. KDA97 use this choice of  as it
agrees with early X-ray observations of galaxies at low redshift
(Cotter et al. 1996). We adopt 0 ¼ 7:2 ; 1022 kg cm3, a0 ¼
2:0 kpc, and  ¼ 1:9 as our fiducial density profile. As noted
previously, we calculate a lifetime of 1:22( 0:280:14) ; 107 yr forX 1S and 1:75( 0:210:07) ; 107 yr for X 1B (Fig. 5, left).
Fig. 4.—PDFs for several values of tmax: 1:0 ; 107 (solid line), 1:2 ; 107
(dotted line), 1:4 ; 107 (short dashed line), and 1:6 ; 107 (long dashed line).
Default values were used for all input parameters to the KDA97model (X1S; see
Table 3).
Fig. 5.—Relative likelihood as a function of tmax for our default density profile (left), the BRW99 IGM density profile (middle), and the IGM density profile of Jetha
et al. (2007) (right). The peak in the relative likelihood curve represents the most likely tmax given in our observed sample. The input parameters of these simulations
were X1, X2, and X3 (left, middle, and right). The squares (triangles) are the relative likelihoods for simulations run with the QS (QB) distribution. The solid and dashed
lines are spline fits used to calculate the error of the maximum likelihood estimate.
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In addition to KDA97, the BRW99 model has also been used
with success to explain the evolution of FR II sources with time.
The BRW99model adopts values of 0 ¼ 1:67 ; 1023 kg m3,
a0 ¼ 10 kpc, and  ¼ 1:5. Garrington &Conway (1991) use the
depolarization of polarized synchrotron emission from the lobes
of radio galaxies to suggest that radio galaxies preferentially re-
side in poor group environments. BRW99 ascertain a density
profile from ROSAT observations of such groups (Mulchaey &
Zabludoff 1998;Willott et al. 1998). Again, the average density
at the scale length is less than one atom of hydrogen per cubic
meter. It stands to reason that this averaged, measured density
profile is a good representation of the IGM in poor groups. We
therefore performourMLEusing theBRW99density profile (X 2).
Our likelihood as a function of tmax is shown in the middle panel
of Figure 5. The most likely tmax is 1:15( 0:220:15 ) ; 107 yr (QS,X 2S) and 1:59( 0:190:09) ; 107 yr (QB, X 2B). These values are in
good agreement with those obtained with the KDA97 density
profile. To good approximation, the KDA97 model depends on
the quantity 0a

0 rather than independent variations in each term.
TheBRW99 density profile product is a factor of 5 less than that of
KDA97 yet only changes tmax by a factor of 0.8.
With the advent of high-resolution X-ray observations with
Chandra, gas densities in galaxies and groups are being precisely
measured as a function of distance from the galaxy core. While
one would like to know the distribution of gas density profiles
seen in groups and clusters, the best available data are density
measurements of group galaxies by Jetha et al. (2007). Using
Chandra, they looked at 15 nearby groups of galaxies and com-
puted a best-fit power law to the radial gas temperature and den-
sity profiles of these groups. We compute the maximum lifetime
for this density profile (parameter set X 3 in Table 3) and find
tmax¼ 8:8( 2:00:6 ) ; 106 yr for QS and 1:31( 0:140:10 ) ; 107 yr for
QB (see also Fig. 5, right). The Jetha density profile product is
24 times smaller than our default and alters tmax by a factor of0.7.
The similarmaximumages calculatedwith these three density pro-
files strongly suggests our results are a weak function of IGM den-
sity profile. We further explore this behavior in the Appendix.
4.2.2. Axial Ratio
The axial ratio characterizes the shape of the lobe. More col-
limated lobes reach longer distances in a shorter amount of time
as the area of their hot spot is smaller, allowing the jet’s ram pres-
sure to build up faster. We note that 1:0  RT  6:0 have been
found for FR II sources (Leahy & Williams 1984; Leahy et al.
1989), although Machalski et al. (2004) gathered a sample of
radio sources from the literature and found axial ratios as high as
7.5. However, this sample was biased toward the most powerful
radio sources known and may not be indicative of typical FR IIs.
Kaiser&Alexander (1999) found thatRT is dependent on, while
BRW99 and others postulate that axial ratio is a function of jet
power. Either scenario would help explain some of the high axial
ratios found in Machalski et al. (2004). As the vast majority of
FR II sources appear to have axial ratios between 1.0 and 6.0, we
focus our attention on this region of parameter space.
In addition to our default value ofRT ¼ 2:0, we also investigate
RT ¼ 1; 4; and 6. Our L(tmax) for all eight of these parameter
choices is shown in Figure 6.When RT decreases, the pressure at
the hot spot increases as the lobe encounters a higher resistance
from the IGM due to the increased surface area of the cocoon
(KDA97). Consequently, the hot spot advance speed decreases,
andwe therefore expect the FR II lifetime to be inversely related to
RT . If the lobes are less collimated, sources must be older to reach
a given linear size. We refer the reader to Table 3 for our com-
puted values of the FR II lifetime for RT ¼ 1:0; 2:0; 4:0, and 6.0.
4.2.3. Injection Index
The injection index p (x 3.2) is used solely in the calculation
of the source luminosity. We refer the reader to KDA97 for an
explanation of the relationship between luminosity and p. Here
we test the stability of our results against changes in the power
law describing the injection of energetic particles into the jet.
We have noted that substantial theoretical and observational evi-
dence exists for 2:0  p  3:0 (x 3.2). To sample this range, we
examine p ¼ 2:5 and 2.9 in addition to our fiducial value of
p ¼ 2:14. Recall that the lifetime for FR II sources under our
default conditions ( p ¼ 2:14) was 1:22( 0:280:14 ) ; 107 yr (X 1S)
and 1:75( 0:210:07 ) ; 107 yr (X 1B). Upon changing the injection in-
dex to 2.5 (X 7S), the most likely tmax is 1:24( 0:260:14 ) ; 107 yr;
p ¼ 2:9 (X 8S) yields a lifetime of 1:26( 0:320:15) ; 107 yr (Fig. 6).
Using the Blundell jet power distribution, we measure lifetimes
of 1:79( 0:130:09 ) ; 107 yr (X 7B) and 1:79( 0:190:12 ) ; 107 yr (X 8B).
While variation of p should not greatly influence radio luminos-
ity at a given frequency, we have confirmed that changing the
value of p within the theoretically accepted range produces no
significant change in the lifetime estimate.
We assert that our results are pseudo-independent of source
luminosity due to FIRST’s sensitivity at this observing frequency
and the expected luminosity range of FR IIs. Unless other mod-
els compute source luminosity in drastically different ways, we
expect our results to be robust to changes in radio source evolu-
tion model. In particular, as the models of BRW99 and MK02 are
based on the KA97 model, use of either of these models should
produce no appreciable changes to these results.
4.2.4. Summary
We have measured the range of tmax consistent with our ob-
served sample given the uncertainties in the parameters that
characterize the parent population. Estimates of tmax vary from
Fig. 6.—Maximum age tmax as a function of RT (solid symbols and lines, left
ordinate) and p (open symbols and dashed lines, right ordinate). Except for those
parameters that are explicitly varied to test their degeneracy with tmax, default
values of the KDA97model input parameters are used. Both theQS (squares) and
QB (triangles) jet power distributions are shown. Note that tmax shows no de-
pendence on p.RT has a strong effect on tmax but is still within a factor of2 of the
default value even at the extremes of the tested range.
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5:3 ;106 to 3:55 ; 107 yr. Within the accepted range of input
parameters described above, the most uncertain variable is RT .
Extreme lobe axial ratios, compared to our fiducial value, pro-
duce a factor of 2 change in tmax.
While one could allow for a distribution in density profile and
axial ratio as part of this analysis, we judge that our present sam-
ple size is too small to provide meaningful constraints. Instead,
we have examined a wide and reasonable range of both density
profile and axial ratio. If distributions (as yet unquantified by ob-
servations) in these parameters were used instead, the resulting
tmax would be a weighted mean of the results already obtained
here. When generally discussing FR II lifetime in subsequent
sections, we conservatively choose tmax ¼ (1:5  0:5) ; 107 yr.
Other choices of X i do not alter the lifetime by more than 20%
compared to those found with X 1S and X 1B.
4.3. FR II Duty Cycle
In addition to their lifetime, the duty cycle associated with
FR IIs is an important timescale. Using the Berlind et al. (2006b)
catalog of groups, we measure the typical time between epi-
sodes of FR II radio activity in central group galaxies. Of the
2020 groups studied, 26 central galaxies were host to FR II radio
sources.We determine the level of incompleteness from ourmock
catalogs. The default simulation withQS (X 1S) yielded a lifetime
of 1:2 ; 107 yr. Of the 106 sources in X 1S, 6 ; 105 would have
been detected by FIRST and identified as FR IIs. We therefore
estimate that our observed sample of FR II sources is 60% com-
plete for sources that follow the quoted model parameters (e.g.,
those with initial jet powers above Qmin). Sources may not be
detected for two reasons: (1) too young and therefore smaller
than the angular resolution of FIRSTor our required angular size
to be considered an FR II and (2) luminosity corresponds to a flux
below FIRST’s sensitivity at the source redshift. We conclude that
the incompleteness-corrected FR II duty cycle is 2:2% (44/2020)
in central group galaxies. The corresponding average time be-
tween FR II phases in these central galaxies is 5:6 ; 108 yr. Due
to a different completeness level for QB (X 1B), 1.7% of central
galaxies exhibit FR II activity using this jet power distribution.
The time between FR II phases is thus a factor of 2 higher at
1:0 ; 108 yr.We note that there aremanyFR I sources in this group
sample as well, and consequently the environments of some of
these sources may not be amenable to an FR II morphology. This
implies the FR II duty cycle is actually higher for those group en-
vironments suitable for FR IIs.
5. RESULTS: POPULATION STATISTICS
AND CLUSTERING
Our attention was initially brought to the Berlind group sam-
ple (Berlind et al. 2006b) by their subsequent paper on the clus-
tering or bias of groups as a function of various group and central
galaxy properties (Berlind et al. 2006a). It is interesting to deter-
mine if these properties are correlated in any way with radio ac-
tivity, and whether radio activity is correlated with more clustered
systems.Herewequickly outline the results of Berlind et al. (2006a)
and discuss how radio activity varies with a number of the param-
eters studied therein.
Group and central galaxy properties tested for correlations with
bias in Berlind et al. (2006a) were group number richness Ngrp,
group velocity dispersion v, total group color (g r)tot , central
galaxy color (g r)cen, central galaxy luminosityMr;cen, and the
magnitude gap between the central galaxy and the second bright-
est member of the groupMr. Assuming that group luminosity
andmass were monotonically related andmatching the group LF
to the halo mass function of Warren et al. (2006), Berlind et al.
(2006a) divided their sample into four bins of group mass cen-
tered at 1012:5, 1013:0, 1013:5, and 1014:0 h1 M. For every gal-
axy or group parameter, each mass bin was split into ‘‘high’’ and
‘‘low’’ subsets, based on the median parameter value in a given
mass bin. The ratio of the high and low bias functions (see
Berlind et al. 2006a, eq. [3]) was then evaluated for each property
across the mass bins. They found that only Ngrp and v were
strongly correlated with clustering over their entire mass range
and conclude that bluer galaxies are located inmore strongly clus-
tered groups than redder central galaxies. For the most massive
systems, they also found Mr is a function of bias, while they
reported no significant correlation between clustering andMr; cen.
In light of these results, we examine the trends between radio ac-
tivity and each of these parameters.
Our sample of 2020 central group galaxies is composed of the
most luminous groups in the Berlind catalog. We determine the
radio fraction of central galaxies (r frac) with three distinct defini-
tions of what constitutes a radio source: the central galaxy sim-
ply contains a core source or is host to extended radio emission
(either FR I or FR II) (r frac; 1); the radio source has LFIRST 
1022:5 W Hz1 (r frac; 2) as in Best et al. (2007); and most con-
servatively, the central galaxy is radio-loud with log FFIRST /
log FSDSS  1 (r frac; 3; Ivezic´ et al. 2002). By any of these defini-
tions, a larger r frac corresponds to a greater likelihood of harbor-
ing an active radio source.We broadly expect larger, more clustered
systems to have a larger viral radius and possibly more virialized
gas than smaller systems. If radio-mode feedback is indeed a
mechanism to combat the cooling flow problem, onemight expect
a correlation between r frac and bias.
We first determine the radio fraction as a function of group
richness. Figure 7 (top left) shows r frac as function of log Ngrp.
Roughly 20% of the central galaxies are host to radio sources
even in the smallest systems, and there is strong evidence for a
rise in r frac with increasing Ngrp. While this behavior is only at
the 1–2  level for r frac; 1, the slope of the r frac- log Ngrp relation
increases for r frac; 2 and r frac; 3. At the 3.5  level for r frac; 3, groups
Fig. 7.—Radio fraction as a function of Ngrp (top left ), Mr; cen (top right),
(g r)cen (bottom left ), andMr (bottom right ). The three rfrac criteria in the text
are shown: rfrac; 1 (squares), rfrac; 2 (triangles), and rfrac; 3 (circles). Vertical error
bars are Poisson; horizontal represent bin width.
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of 10 or more member galaxies are almost 3 times as likely to har-
bor a radio-loud source in their central galaxy than smaller groups.
Even though this trend may suggest even higher r frac in brightest
cluster galaxies (BCGs), work by Best et al. (2007) determines a
r frac maximum at approximately the value we find (35%).
Two quantities used as an indicator of group mass are v and
Mr; tot. While we are hindered by low number statistics in the
highest bins for v, we see no statistically significant trend of
r frac with the velocity dispersion of the group. There is marginal
evidence for a correlation between r frac andMr; tot, although not
enough to be conclusive.
The central galaxy’s properties may be more important than
the group’s for the radio fraction. To investigate, we look for any
correlation between r frac andMr; cen, (g r)cen, andMr (Fig. 7).
The luminosity of the central galaxy is the strongest indicator (at
the 5  level) of radio activity that we studied (Fig. 7, top right).
When compared with the faintest central galaxies in our sample,
r frac is increased in the most luminous galaxies by a factor of
12. This relationship had been shown previously by Best et al.
(2005a), who found that the radio-loud fraction was a strong func-
tion of host galaxy mass ( f radio-loud / M 2:5? ). If we assume that
the mass-to-light ratios of the brightest group galaxies do not vary
wildly, this work demonstrates the continuation of this trend to-
ward lower mass central galaxies.
The color of the central galaxy (g r)cen may also indicate the
presence of a central radio source, as this parameter does correlate
with clustering properties. We find an increase at the 3  level
from 20% to 35% in r frac; 1 in the reddest central galaxies
(Fig. 7, bottom left). The effect is even more pronounced when
looking at the radio-loud fraction via r frac; 2 and r frac; 3, and therefore
redder, presumably older elliptical galaxies have an increased prob-
ability of hosting a radio source. We do not find a significant AGN
contribution to the spectra of our FR II sample and donot expect any
systematic color enhancement due to AGNs. Most of the central
galaxies are quite red, yet it is interesting that the reddest galaxies
are most prone to radio activity. Berlind et al. (2006a) found that
bluer galaxies were in more clustered environments, especially
in the high-mass regime. Their results combined with our own
suggest that radio activity and clustering bias are not necessarily
correlated.
Central galaxy identification with FoF group and cluster find-
ing algorithms is not perfectly robust. Berlind et al. (2006b) and
the maxBCG method (Koester et al. 2007) both rely on the ob-
served correlation between galaxy luminosity and radial distance
from the center of the potential well to designate central galaxies.
The scatter in the luminosity-position relationship decreases with
increasing luminosity gap between the brightest and next bright-
est group or cluster member (Mr). We find a positive trend be-
tweenMr and the radio fraction (Fig. 7, bottom right). AsMr
increases from 0 to 1.75, radio fraction increases 3.5-, 7-,
and 4-fold (r frac; 1, r frac; 2, r frac; 3, respectively). The luminosity
dominance of a galaxy in the group environment, and hence its
certainty as the central galaxy, is strongly correlated with radio
emission.
6. SUMMARY AND CONCLUSIONS
We present the first estimate of the maximum radio source
lifetime in a well-defined sample of groups and clusters of galaxies
selected from the SDSS and FIRST surveys. Cross-correlating the
group catalog identified by Berlind et al. (2006b) with FIRST, we
identify FR II sources associated with central group galaxies. The
projected lengths of these sources are determined by the sepa-
ration of the end of the lobe and either a core radio source or the
optical position of the host galaxy. From this sample and mea-
surement, we determined the most likely maximum lifetime of
FR IIs through comparison with mock catalogs of known jet,
lobe, and IGM properties. Wemodeled the linear growth of these
mock sources with time and their luminosity evolution with the
prescription set forth in KA97 and KDA97. By fixing the jet,
lobe, and environment properties, the maximum amount of time
the jet is fed energetically by the AGN was determined via a
maximum likelihood approach. Our prototype for the average
state of FR II lobes and surrounding medium is listed in Table 3
(X 1). We stress that our sample is representative of the group en-
vironment, and as such our lifetime estimate is for a typical FR II
source in these systems. While individual sources of lengths and
lifetimes exceeding those seen here are observed, they are far less
numerous than the members of this sample. Using the default
input parameters to the KDA97 model and the Blundell Q dis-
tribution, our sample’s most likely tmax is 1:75( 0:140:07 ) ; 107 yr.
We numerically investigated the dependence of any single
input parameter and tmax, while we present an analytic treatment
in the Appendix. First, the power associated with the jets can
affect the lifetime calculated in our analysis.We use two distribu-
tions: (1) one that reproduces the active radio galaxy luminosity
function derived in Sadler et al. (2002) and (2) the FR II jet power
distribution found on energetic grounds from BRW99. Keep-
ing all other input variables fixed, we find that changing the jet
power distribution fromQS toQB produces only a30% change
in the value of tmax (1:22 ; 107 to 1:75 ; 107 yr). Mock radio
sources were expanded into three distinct IGMs. In addition to
the KDA97 density profile, the less dense profile of the BRW99
model and a recent observational measurement by Jetha et al.
(2007) were tested. As expected, the calculated lifetime de-
creased relative to our fiducial tmax, but only marginally so:
10% for BRW99 and 30% for the Jetha profile. In practice,
the density profile of the IGM in galaxy groups spans some
distribution whose shape will contribute to a range of expan-
sion speeds for FR II sources. The work here demonstrates that
tmax is a weak function of environment and will likely vary by
less than 50%. We find that the axial ratio of the lobe had the
largest effect on the calculated lifetime of our observed sample.
Still, the calculated lifetime of extreme axial ratio lobes was not
different from our fiducial results by more than a factor of 2.
We sample the entire range of expected axial ratio and find tmax in
the range of (0:5 2:4) ; 107 yr (QS). Due to the sensitivity of
FIRSTand the relatively small distance to the groups in this study,
uncertainties in the particle energy distribution do not effect our
results. We created mock catalogs that only differed in the choice
of the injection index p and found that tmax was statistically iden-
tical over the entire probable range. The values and associated
uncertainties of parameters solely contributing to the luminosity
of the sources are insignificant in this analysis.
Taken together, these tests on the parametric dependence of tmax
demonstrate how robust our results are to ambiguity in the true
distributions of many jet, lobe, and environmental parameters.
Due to the self-similar nature of the length to age relationship
determined in KA97, these results would not change appreciably
if another radio source evolution model was incorporated into
our analysis. While individual extreme sources may be observed
with ages significantly larger than the maximum lifetime found
here, the vast majority of FR II sources reside within the param-
eter space examined. We therefore conclude that the average
FR II lifetime is (1:5  0:5) ; 107 yr.
This characteristic maximum lifetime of the FR II popula-
tion is in good agreement with various methods of radio source
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dating for individual objects. Recently, C. O’Dea (2008, in prep-
aration) used spectral aging to estimate the source ages of 31
powerful FR II radio galaxies. Under minimum energy conditions,
all source ages were less than 1:1 ; 107 yr while most were sev-
eral Myr old. Allen et al. (2006) presented a comprehensive study
of luminous elliptical galaxies, measuring the age of (primarily
FR I) radio sources still energetically associated with their parent
AGN. They estimate the cavity age using the sound speed of the
IGM and the size of the bubbles in the X-ray gas and find ages of
106 to 108 yr.
The maximum lifetime of 1:5 ; 107 yr for FR IIs is also in
good agreement with observational constraints on the lifetime
of QSOs, which suggest values from 106 to 108 yr (e.g., Martini
2004) and the value of the e-folding or Salpeter timescale for black
hole growth at the Eddington rate tS ¼ 4:5 ; 107 yr (for 10% ra-
diative efficiency). This is most likely a coincidence because these
FR IIs show little evidence of nuclear activity in their SDSS
spectra, are consequently accreting at a low rate, and also show
no evidence that they have been triggered bymergers. In fact, the
detailed models of AGNs triggered in major mergers find that the
lifetime is progressively longer when the AGN is defined at a
progressively lower luminosity or accretion rate limit (Hopkins
et al. 2005). At the accretion rates of these FR IIs, the predicted
lifetime would be substantially longer than 107 yr in the merger
scenario.
We investigated the connection between host galaxy and group
properties and the probability of harboring a radio source. The size
of a group correlates with r frac at the 2  level. Assuming some
average galactic mass, group size should be proportional to its
viral radius. It is plausible that larger viral radii would encapsulate
greater gas mass on average. If AGN feedback regulates star for-
mation, larger systems would need shorter duty cycles or longer
lifetimes of feedback activity to counteract their stronger coo-
ling flows. The increase in r frac with group size supports the idea
of episodic AGN heating.
The luminosity of the host galaxy is the strongest predictor of
radio activity. Comparing galaxies withMr ¼ 20:5 : : : 23:0,
the radio fraction increased with luminosity by at least a factor of
5 at the greater than 4  level depending on the criterion used to
determine the radio source activity threshold. This result is in
agreement with previous studies of radio-loud AGNs in BCGs
(Best et al. 2007; Croft et al. 2007). Our combined results point
toward galaxy luminosity being the most important indicator of
radio activity over a large range group/cluster mass. A slightly
weaker correlation (3 ) between host galaxy color and r frac
was also found. Redder galaxies have an increased probability
of harboring radio sources. Interestingly, galaxy color was found
to be anticorrelated with clustering bias recently in the literature
(Berlind et al. 2006a). The two results suggest no connection be-
tween radio fraction and bias.
The luminosity gap between the brightest and second bright-
est group or cluster member has been discussed as a measure of
certainty regarding central galaxy identification. The maxBCG
catalog and that of Berlind et al. (2006b) both designate the
brightest cluster (group) member as the central galaxy. A caveat
of this technique is uncertainty in the central galaxy’s position
with respect to the center of the group or cluster’s potential well.
AsMr increases, the position-luminosity relationship tightens
(Loh & Strauss 2006). We find a significant correlation between
r frac and Mr, which may be due in part to misdiagnosis of the
central galaxy or that this galaxy is not at the center of the group
potential. Best et al. (2007) examined the radio-loud AGN frac-
tion of BCG galaxies, finding an increased likelihood of radio
source association when compared to field galaxies. The discrep-
ancy in radio fraction between central and field galaxies may in-
crease if the possible misclassification of central galaxies is taken
into account. This potential source of incompleteness associated
with all central galaxy studies should be addressed in future
analysis.
Our results have important implications forAGN feedbackmod-
els. The recent literature includes many models for AGN energy
injection into the ICM and its subsequent effects on galaxies and
hot, gaseous halos (e.g., Sijacki & Springel 2006). Heating from
AGNs is now included in many structure formation models to
match the observed galactic LF (e.g., Croton et al. 2006; Springel
et al. 2005a, 2005b; Hopkins et al. 2006). The FR II lifetime
presented here is an accurately measured timescale over which
jets are energetically sustained by AGNs and perform work on
the ICM. Many models use an instantaneous injection of energy
into the ICM as the timescales involved have historically had
order of magnitude uncertainty.While it is true that FR Is are far
more numerous than FR IIs, there is increasing evidence
of FR IIs and FR Is being the manifestation of the same under-
lying jet mechanism in different environments. A dramatic em-
pirical demonstration of this are the hybrid morphology sources
(HYMORS), in which one lobe of a double source appears to be
an FR II while the other exhibits FR I characteristics (Gopal-
Krishna & Wiita 2000; Gawron´ski et al. 2006). If FR morphol-
ogy is a function of environment, it is reasonable to assume both
classes share the same lifetime. We have shown the lifetime of
FR II sources to be107 yr in a wide range of initial conditions,
and it is most accurate to inject energy over this timescale.
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APPENDIX
PARAMETER DEPENDENCE
Here we derive the analytic dependence of tmax on the other KDA97 model parameters. By plugging equation (3) into equation (2),
we obtain the full equation for the length of a lobe in terms of the parameters discussed in x 3.2:
l ¼ c (; RT ) a
 1=(5 )
Q1=(5 )t3=(5 ); ðA1Þ
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where c (; RT ) is just c1 from equations (2) and (4) (KDA97) but shows that it is dependent on  and RT (see eq. [25] of KDA97 for
the definition). We can easily manipulate this equation to solve for the age of the source, t. To zeroth order, we are trying to determine
tmax such that a source at the average age t¯ ¼ tmax /2 has the median lobe length l¯. Hence, setting t ¼ t¯ and l ¼ l¯ we find
t¯ ¼ l¯ (5 )=3c ( )(5)=3 a 1=3Q1=3: ðA2Þ
Note that t¯ and therefore tmax only weakly depends on the density distribution, 0a

0 , and is independent of p.
We first compare two different density distributions with 1, a1, 1 and 2, a2, 2, respectively. The distribution of jet powers is kept
constant (either Sadler or BRW99). In this case the two maximum ages are related by
tmax;1
tmax;2
¼ t¯1
t¯2
¼ l¯
(51)=3
1
l¯
(52)=3
2
c(1)
(15)=3
c(2)
(25)=3
1a
1
1
2a
2
2
 !
1=3
: ðA3Þ
Assigning the KDA97 density profile (X 1) to tmax; 1, the density profile from Jetha et al. (2007) (X 3) to tmax; 2, and letting l¯1 ¼ 25:75 kpc
(X 1S) and l¯2 ¼ 30:85 kpc (X 3S), we find tmax; KDA ; QS /tmax; Jetha; QS ¼ 1:36 and with a similar analysis tmax; KDA; QB /tmax; Jetha; QB ¼ 1:35.
These results are virtually identical to those found in our statistical approach, namely, tmax; X 1S /tmax; X 3S ¼ 1:39 and tmax; X 1B /tmax; X 3B ¼ 1:34.
Similarly, analytically comparing the KDA97 and BRW99 density profiles, tmax; KDA; QS /tmax; BRW; QS ¼ 1:06 and tmax; KDA; QB /
tmax; BRW; QB ¼ 1:10 while tmax; X 1S /tmax; X 2S ¼ 1:06 and tmax; X 1B /tmax; X 2B ¼ 1:10.
To isolate the effect on tmax by the choice of jet power distribution, we hold the density profile and axial ratio of the lobes fixed. In this case,
the ratio of tmax simply becomes a function of the Q distributions:
tmax; sad
tmax; blu
¼ t¯sad
t¯blu
¼ l¯
(51)=3
1
l¯
(52)=3
2
Qsad
Qblu
 1=3
: ðA4Þ
Taking the median value of each Q distribution as a representative jet power and l¯ from our mock catalogs, we find tmax; KDA; QS /
tmax; KDA; QB ¼ 0:69. Again, this analytical result is in excellent agreement with the simulation derived tmax; X 1S /tmax; X 1B ¼ 0:70.
Notice that the statistically obtained ratio of QS to QB across all parameter choices in Table 3 are between 0.67 and 0.72. A similar
analysis forX iS /X iB reveals that the theoretically and practically obtained ratios are in very good agreement. An increase in the median
of the Q distribution by a factor of 2.15 (from QB to QS) decreases tmax by only a factor of 0.70.
Finally, we examine the relationship between axial ratio and tmax. As c1 and l¯ are the only terms in equation (A2) that depend on RT ,
the ratio of lifetimes derived from two models that only differ in their choice of RT is
tmax;RT ;1
tmax;RT ;2
¼ t¯RT ;1
t¯RT ;2
¼ l¯
(51)=3
1
l¯
(52)=3
2
c (1)
(15)=3
c (2)
(25)=3 : ðA5Þ
As an example, we find tmax(RT ¼ 2:0,QS)/tmax(RT ¼ 6:0,QS) ¼ 2:33. This expectation is met very well as the ratio of X 1S/X 6S ¼
2:30. In fact, equation (A5) is a good fit to the tmax distribution resulting from simulations that vary in RT .
The equations here derive only from the self-similar solution for the length of these FR II sources (eq. [2]). This particular equation
is a characteristic of all the radio source evolution models discussed in this paper (KA97, KDA97, BRW99, MK02). We have shown
that tmax is a weakly varying function of the density profile, jet power distribution, and axial ratio. The true nature of these jets, lobes,
and their environments must be systematically and significantly different from the assumptions adopted here to change our results by a
factor of 3 or higher.
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